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89 The self-diffbeion isotope e f fec t  has been determined for  Zr 

and diffusing i n  f3 zirconium. The mipa t ion  rate is  independent 

sf the t raeer  mass w i t h i n  experimental error  at 942', %l86", 1784" 

and 18x5' @. The maximum value of D 8#D95 is 1 00228 e 005 

An. %mea% at 1750° C for 8 hows immediately followed by the de- 

position and diffusion of" l % ~ ~ ~  i n  the f3 phase a t  1025" 6: resulted i n  

a thsee-fold I" duetion of the diff'usion coefficient over that measured 

conventionally by depositing the t racer  a t  room temperature i n  the a 

phase 

Et i s  ten ta t ive ly  suggested tha t  the anomalous diffusion eharac- 

teristies sf Zr, T i  and H f  can be accounted fo r  by the presenee of a 

dense network of short  c i r cu i t  paths introduced into the f3 phase dwp- 

ing the a/B transformation. These defects appear t o  be re la t ive ly  

and can only be reduced i n  concentration by a prolonged anneal 

close t o  the melting temperature, 
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YErnQDUCTSON 
1 Self diffusion i n  the %omalo0 b o c o c o  metals such as tantalum 

2 and molybdenum may be represented by an k r h e n i u s  or  thermal activa- 

t i on  re la t ion  Dt = Doe-&/IZT which describes the temperature depend- 

ence of the diffusion coeff ic ient  i n  terms of a temperature independent 

e n e r a  of act ivat ion 

tmpera tu r se3  The frequency fac tor  Do takes values from 0.1 t o  

EO an /see.  

Q which is  re la ted  mpiriceelly t o  the melting 

2 le and can be adequately described i n  terns of the  themo- 

dynamic and geometric properties of the l a t t i c e ,  

I n  the anomalous metals titanium,5 and an 

Arrhenius representation gives a temperature dependent value sf Q i n  

the f3 phase which increases from approximately 1.30 eV9 j u s t  above 

the e ,p ,h , -b ,c ,e ,  t rans i t ion ,  t o  3.00 eV at the melting point compared 

t o  a 

erature range 800" ts 1400" C the  f%Pequency fac tor  is at  l a a s t  an order 

of magnitude maller than tha t  fo r  a noma1 m e t a l  and is  ehmac te r i s t i c  

Q, of 3.00 to 3.50 eV suggested by the melting rule, I n  the temp- 

of dislocation or  grain boundary migration rather than volume diffu- 

sion a 

The author suggested i n  an earlier paper geb' that two competitive 

mechanisms could explain the anomalous temperature dependence of diffu- 

sion. The agproach towards noma1 values of Q and Do at high temp- 

erature indicated that perhaps a s ingle  vacancy exchange mechanism 

could only e f fec t ive ly  doninate the diffusion behaviow a t  high temp- 

erature due t o  the pr sence of a low Q mechanism which exis ted through- 

out the f3 phase, 
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The isotope effect measurement provides a test for  this  hypothesis. 

The recent measurement of the isotope e f fec t  for self diffusion i n  boc.c .  

iron i s  consistent w i t h  diffusion via  s ingle  vaeaney exchange and 

is equal t o  0.72 within the experimental BTPQY". If single vacancy ex- 

change oecws i n  @Zr at high temperature we should observe an isotope 

effect equal t o  007'20 A t  Lower tmpera twes  the appearetnce of  a differ- 

ent value for  the isotope effect would provide support fo r  the hypo- 

thesis sf two competitive mechanisms, 

To investigate th i s  poss ib i l i ty  the mass dependence of the self- 

diffusion rate for zirconium has been measwed a t  four temperatures i n  

the f3 phase;, The mass dependence is rebated t o  the isotope effect  E 

at a temperatme T by the 

m89 where 

and m 

and mo i s  the mean mass of the solvent ion. I n  the self-diffbsion 

n 

95 

i s  the number of ions involved i n  each diffusion jump, 

m e  the respective masses of the tracer ions Zr89 and Zr 95 

isotope effect 

a8 the  solvent 

related to E 

measurement t h e  tracers me of the same chemical species 

ions, and the correlation factor for  diffusion fc is 

by the expression 133x4 

where the constant LX repr sents the re la t ion  between the "effective" 

masse8 of th tracer ions required for the derivation 0% fc  and the 

real masees used i n  the definit ion of Eo In  general AK is expected 
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t o  be close towni ty  indicat ing that the diffbsing atom possesses most 

of the 

saddle point of the diffblsion barrier, 

experimentally for self diffbsion i n  the -petals palladium (fa c. 

and i ron  (f .c.c,  and b.c.c.). 

t rans la t iona l  k ine t ic  energy dming its motion across the  

This assumption has been verified 

15 1 
10 

Cylinders of 3 pass zone r e f f n  d zirconium, purchased from the 

Materials Besearch @oxporation, were annealed at  1200’ C for  4 hews, 

under s  cum of low6 t o r r ,  i n  an aluminum oxide tube resis tance .f”urnace 

i n  the presence of a zirconium f o i l  ge t te r .  This  produced a stable grain 

s i z e  of 5 t o  7 mm. 

etched w i t h  a 50% H20, 47% HN03, 3% El? solution, 

s0Lution containing %pproximately equal quant i t ies  o f  Zr8’ and %r 

was placed on one end of each sample and evaporated t o  drynesso 

Zr8’ and Zrg5-Hbg5 mixture were obtained &om the Mucl 

and Engineering Corporation and an extraction of Zrg5 was perfomed 

immediately p r io r  t o  the  dif@usion anneal using a Dowex ion exchange 

c o l m  0 

The extract ion efficiency was  determined by following the subsequent 

appearance of the y peak for  the daughter Nbg5 using a s o l i d  state 

detector w i t h  a resolut ion of 2 KeV. 

The ends of ach cylinder were ground and l i g h t l y  

An m e n i u m  oxalate 

95 

The 

The Zrg5 contained less than 1% Hbg5 after t h i s  procadwe. 

A pair of cylinders, w i t h  their  diffbsion faces separated by a 

piece of zirconium foil, wer 

side tantalum cans sealed by electron beam welding under a vacum of 

loy5 t o r r ,  

wrapped i n  the same foil and placed in- 

The diffusion heat treatments a t  lower temperatwe were 
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perfomed i n  the fbmace already described and the runs a t  1784" C 

and 18kO" C were perfomed i n  a tungsten basket fWnacs. 

naces maintained a v8cum below LO 

~ ~ ~ ~ r ~ t ~ ~ ~  'was measwed t o  within 20.1% using either Pt-BtRb or 

Both fW- 
-6 torr during the d i fmsion  anneals. 

e thermocouples i n  good thermal contact w i t h  the tantalum cano 

After diffimisn had occurred the samples were rmoved from the 

tantalum cans and each was reduced i n  diameter ( t o  avoid e r rors  in- 

troduced by vapor or  swfaee d i f f i s ion)  and sectioned by lathe or 

mireotome!. The individual sections were weigh d, dissolved i n  

HC% and placed i n  thin-walled p l a s t i c  v ia l s ,  

'pwePlsv s c in t i l l a t i on  detector w i t h  a resolution of 8% was used t o  

determine the Zr8' ac t iv i ty  of each section. 

A 3 in .  diameter NaE 

The y peak at Clog% 

MeV was isolated by a single channel analyzer and suff ic ient  e o u t $  

were recorded t o  give an accuracy of O , l % ,  

Pigwe 2 shows that the y resolution of the detector was suf- 

f i c i en t  t o  exclude any s ignif icant  l eve l  of 25rg5-Nbg5 ac t iv i ty  i n  the 

Zr8' channel 

8mples were counted i n  random order and the  section having the 

highest ac t iv i ty  was  used a t  intervals  during the count t o  determine 

amy changes i n  the measuring equipment, The dead time of the  system 

was determined before and after each counting session and correction 

was made for  l o s t  counts, background and decay during the counting, 

The sections were then stored for  10 half  lives of the Zr8' (33 days) 

and counted for  t h e i r  combined Zrg5-IVbp5 ac t iv i ty ,  

decay during counting of the Zrg5-Nb9* was made by using a decay 

coefficient for the mixture a t  the time of counting. 

Correction for the 

Counting t o  stand- 
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ard solutions containing an ident ical  r a t i o  of Zr 89 /Zr 95_,95 

having differ ing t o t a l  ac t iv i t i e s  showed that measured r a t io s  

Zr89/Zr95-Nbg5 were independent of count rats e 

but 

of 

A t  the highest temperatures t he  quantity of daughter produced 

i n  the t i m e  in terval  between purif icat ion of the Zrg5 and the comple- 

t ion of the heat treatment was  suff ic ient ly  small t o  make correction 

for the daughter concentration fom d during the  anneal mnecessary. 

At the lowest taperatwes, however, a correction based on the  calcula- 

t ion  i n  the 

the r e l a t ive  concentration of 2/32’’ @.IS Zrg5 which has decayed into 

Nbg5 compared t o  that o f  Zr8’ which is required for  the isotope effect ,  

appendix was appli  d t o  the  f i n a l  Zr95-lXb95 count. E t  i s  

Thus the presence of Nbg5 daughter does not of i tself  introduce an 

error in to  t h e  resu%ta, 95 An error arises only from the  fmct ion  of Hb 

present which diffused as Hbg5 during the diffixsion anneal. 

Each section was  counted twice for both Zr8’ and Zrg5-Nbg5 re- 

su l t ing  i n  four p lo ts  of 

where B is  the  corrected 

on both Zrg5 and Nbg5 and D 
89 

appropriate t racer  isotope. 

comt  for Zr894 N* representx the corn% 95 
is the  d i f f i s ion  coefficient for  the  

The penetration depth and time for the 

diffusion anneal are given by x and t respectively, 

data were also plot ted as 

The isotope effect 
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l n  

There was  no s igni f icant  difference i n  the slopes determined by the 

two methods and the former expression was used i n  Fig. 4, 

s$ magi3 spectrographic analysis of the or ig ina l  material is given 

i n  Table I and is  compared wi th  that determined after a grain growth 

and high-temperature d i f f i s ion  anneal had bean psrfomed, This analysis 

of %he original material differs &om the  m a n u f a @ t m ~ r ~ s  batch ana.lysis 

which suggested an overa l l  pur i ty  of 99.99%. No radioactive h p w i t i a s  

were determined i n  either the Zr8’ or Zr95-Nb95 7 spectra recorded by 

%he aoLid state detector after the prepwaeion of %he diffusfon smnpLe8, 

The detection eff ic iency was a t  least 1% close t o  the 

considerably better 8% other y energies. G m a  spee%ra taken fYom 

the first few sect ions after the d i f f i s ion  hest  treatment showed no 

evidence of slow d i f f i s ing  impurities but the Lower a c t i v i t y  of the  

deeper sections did not permit an exhaustive search f o r  fast d i f f i s i n g  

y peaks and 

hpwities 0 

The measwed difflxsion coef %r8’ and those of Federer 

The d5fftxsion p ro f i l e s  6 and Lundy 

and isotope e f f ec t  p l o t s  are given i n  Figs, 3 and 4, respectively,  

for ~r9*-,” are shown i n  Fig, 1. 

The penetration profiles obey %be appropriate theore t ica l  re la t ion ,  

given below, for diffbsion *om a t h i n  depletable $owce in to  a semi- 
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in f in i t e  so l id  within the  experimen"e1 error  of the data point%. 

C(x,t> = (-&) 
The i n i t i a l  quantity of tracer is represented by Bo and C(x,t> is 

the  concentration of tracer a t  point x at time t. The diffusion 

coefficients calculated &om the  slopes of the  penetration prof i les  &re 

given i n  Tab1 

The iso"cpe e f fec t  p lo ts  m e  s t ra ight  l i n e s  for the measmments 

at the  higher tanperatmes but a t  942' C ther  

ratio of Z'289/Zr95-Mb95 close t o  the specimen smface. 

is  an increase i n  the 

It is suspected 

t h a t  the oxalat complex on the  surface contributed impurities which 

remainad i n  the diffusion zone! %hroughout the diffusion anneal. The 

baeeakdom of t h i s  impurity complex l ibera tes  oxygen, nitrogen, 

and hxdrogen i n  qui te  high loca l  concentrations. However, t he  

very high diffisivit ies of nitrogen and hydrogen17 would lead eo a 

rapid reduction i n  %heir concentration i n  a time short compared &o the  

t racer  diffusion m e a l  at all temperatures, 

t rue  at  high t a p e r a t m e s ,  however, at 942' C the difrnaivi ty  of oxygen 

FOY oxygenx7 t h i s  is  

is a fackor 10 slower than that fo r  zirconium self diffbsion. Thus a 

high loca l  concentration Y 1 . a  could explain the anomally in the isotope 

effect  i n  a region corresponding t o  the diffusion zone for oxygen, 

The relative d i f a s i o n  rate D /D 

%nalysis f o r  a l l  data points at  112O0, 1784' and 1840" C f ~ r  those a t  

greater depths than 4 x 1 0 ~ ~  an2 at 942' C. 

was determined by least squme~ 89 95 

From Table I11 we observe t h a t  the isotope e f fec t  i s  less than 0,2 

Suggesting that; the self-diffusion t racers  diffise at a rate which is  
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effectively independent of their mass, 

men% w i t h  t he  recent work by the author loQs' on the self-diffusion 

isotope effect i n  b o c o c o  iron where the mass dependence of t racers  

Pe55 and Pe5' i s  consistent w i t h  diffusion vis a single vacancy ex- 

change mechanism giving an isotope effect of 0.7kOO06, Before d ia -  

mseing %he isotop 

which might give rise t o  such a result, w i l l  be reviewed br ie f ly ,  

This behavior is not i n  agree- 

ef fec t ,  the  sources of possible measmwent errors, 

The simple decay technique used %Q determin the  a c t i d t y  distri- 

bution sP the indiv%dual t racers  does not raise any problems i n  the 

interpretat ion of t he  experimental resul%s and o w  discussion will be 

.limited t o  an exmination of t h e  possible pres nce and influence of 

b p w i t i e s  during the &Effusion annealo 

Examination of the  tracer spec%ra both before and after the 

dliffbsion heat treatment, using a so l id  ~ % a t a  detac-&;or of 2 KW're- 

solution, showed no chwacter i s t ic  y peaks which could be a t t r ibu ted  

t o  any hnpwity other than H'b Furthermore, serious con%mina'kion 95 

by radioactive impurities would be shown by nonlinearity i n  both %ha 

penetration prof i le  and isotope e f fec t  p lo ts  and it can be! seen, *om 

Figs. 3 and 4, with the exceptions of the measurement at 942' C3 that 

t h i s  did not occwb 

The y spectrum of Nbg5 is  ident ical  t o  t h a t  of Zrg5 within %he 

8% resolution of the NaI counter and the diffusion of a signif icant  

quantity of' t h i s  material  during the heat treatment would have increased 

the measured isotope effect, as Nb95 diffuses more s lowly  than Zr 95 (I 

In  order $0 minimize the quankity of Nbg5 present a% the beginning of 

the diffusion anneal a maximum of 1 hour was permitted $0 elapse 
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of the Zrg5 and the s t a r t  of the diffusion 

I!bg5 produced before and during the d i f f i s ion  

the ZrY5-I!bg5 transforma%ion curve i n  the 

c 

en %he pur i f ica t ion  

anneal. The quantity of 

run can be computed *om 

appendix (Fig. 6) and it can be shown that correction of the $31” 95 

pene%ration p r o f i l e  for libg5 is insignif icant  for the high-temperatme 

runis and reaches a magnitude of only a few percent a t  %he lowest t a p -  

eratwes 0 

An analysis of nonradioactive impurities present i n  $he zirconium 

and after a high-temperature diff is ion anneal shows no a i g n i f i -  

c w t  change i n  the levels of d i s b i b u t e d  subst i tut ional  o r  i n t e r -  

stitial 3mpxrities w i t h  the s ingulw excep%ion of oxygen which is 

increased by a factor of 8 ,  Work by 

f3titmim has shown tha t  there is no significan% difference i n  the 

diff”ueion properties of iodide titanium a8 compared t o  comercia1120 

ti%aniwn, 

me a t  leve ls  of a f ew pepern. while oxygen is a t  a l e v e l  of wound 

200 p.pome Por the latter material subs%i%utionaX b p w i t i s s ,  such 

on s0Xute diffusion i n  

I n  the  form r material  individual sub8t i tut ional  imparities 

a8 iron, reach a l e v e l  of 2x10 3 p,p,m.;lg axygen is normally 500 popem, 

4 and has bean doped t o  levels of 10 p.pOm,lg without any s ignif icant  

change i n  the  measwed diffusion coeff ic ient-  Unfortunately, the 

analysis does not evaluate the  imparities present i n  the diffused 

region during the heat treatment but i% is clew from the  above work 

on f3titanium that qui te  high leve ls  of contamination would not ser- 

iously affect the measured diffusion coeff ic ients* 

The isotope effect meas;wanent a t  942’ C i n  t h i s  paper suggests 

that a high concentration of i n t e r s t i t i a l  oxygen can alter the isotope 
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r a t i o  where no change in  the  penetration p ro f i l e  is  detectable but the 

r a t i o  appews t o  be altered i n  a highly local ized area where the im- 

pur i ty  is concentrated- Clearly, when the concentration of  oxygen 

reaches a l eve l  where the  configuration of the m e t a l  l a t t i c e  is  signi- 

f i can t ly  changed the isotope e f f ec t  w i l l  not be representative o f  the 

pure zirconium l a t t i c e ,  but it s e a s  j u s t i f i a b l e  t o  assme tha t  a t  or 

below 1000 p.p.m. oxygen where the pure zirconium l a t t i c e  is moderately 

in%%@% the  relative diffusion rate of two isotopes differ ing only i n  

t h e i r  mass from each other and the l a t t i c e  atoms, w i l l  not be strongly 

dependent on the presence of oxygen i n t e r s t i t i a l s .  

The method of depositing the isotope on the  specimen surface was 

dic ta ted  by %he necessity for  a rapid Zrg5, Nbg5 separation and the 

minimai lose of time before s t a r t i n g  the d i f a s i o n  anneal. 

dif"-fusion study o f  rabg5 i n  @zirconium Federer and Lundy used a similar 

method for  depositing the t r ace r ,  

the  sane system, which are described l a t e r  i n  t h i s  paper, using a 

vacuum evaporation technique for depositing the tracer and has found 

no s igni f icant  difference i n  the d i f fus iv i t i e s  measured by the two 

method$. The presence of bmriers t o  diffusion at  the  surface might 

be expected i n  so lu te  diffusion experiments but such problems do not 

appear to mise i n  the presence of the oxalate complex and we even 

leis% signif icant  i n  self-diffusion experiments where isotopic  exchange 

would guazantee unimpeded entry of the t r ace r  i n to  the host l a t t i c e .  

I n  8. 

6 

The au%hor ha8 made m ~ a s ~ ~ e n t s  on 

From these considerations it is concluded that the results obtain- 

ed for the isotope effect w e  not a r t i f a c t s  of %he experimental method 

but represent the realmass dependence of se l f -d i f f i s ion  t r a c  
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t h i s  system, 

DISCuG8ION 

A small value f o r  the isotope e f f ec t  has been observed for i ron  

d i f f i s i n g  i n  gTi.20 This result i s  more d i f f i c u l t  t o  i n t e rp re t  than 

$he self-diffusion measurement but it seems reasonably cer ta in  tha% 

the major mechanism of diffusion i n  these metals is  not simple vace4ylcy 

exchange. 

ressnL-bs though it could be argued that %he metal melts before norm&l 

vacancy exchange can successfhlly compete w i t h  the low temperature 

migration process ., 

The two mechanism hypothesis has not been j u s t i f i e d  by %he 

21. Some years ago an experiment was performed by Kidson and McGwn 

i n  which zirconium diffusion samples were anneded fo r  up t o  1. how 

at l2OO* C followed by deposition of a tracer without lowering the 

sample temperature through the a/@ phase t rans i t ion .  

rakes obtained by the above method were found to be no d i f fe ren t  &om 

those detemined by a conventional experiment and it was assumed that 

any defects  introduced at  the  phase change must anneal out i n  a time 

which is mal1 compared t o  the length of a typ ica l  diffusion anneal. 

The diffusion 

I n  view of the unusual result for the isotope e f f ec t  which might 

indicate  diffusion v i s  short  c i r c u i t  paths such as dis locat ions the 

Kidson and McWn ewerimen% was repeated using a much higher annealing 

temperature 0 

Two samples of Zr w e r e  prepwed for  deposition of the  t r ace r  iso- 

tope Xb95 but were first raised t o  a temperature of 1750' C for 8 

hours i n  an induction fbrnaee under a vacuw11 of 10 -6 t o r r .  The tmpera- 
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% w e  was than reduced t o  1025°220" e and held constant within $5' @. 
One specimen was then lowerad corn the induction c o i l  and cooled t o  

750" C (l20' C below the  %ransfomation tempwa$ure), After 30 

minutes a t  th i s  temperature the specimen was ra i sed  %o i ts  or ig ina l  

posikion i n  the  heater coil and the end surfaces of both specimens 

were covered by t h i n  evapora%ed deposits of H'b950 The spechnens were 

heatad for  a further 4 hours and then sectioned by microtome. 

diffusion coeff ic ients  measured fspom %he penetration p ro f i l e s  differed 

The 

by a factor of 3. 

8h0m i n  Fig. 5. The higher coefficient was determined fYom the speci- 

fha penetration prof i les  for these two samples we 

men which had been passed tkough  %he o/p phase t rans i t ion  immediately 

before the diffusion heat L r ~ a ~ e n $ ~  Zr8' was temporwily unavailable 

at the  time the experimen$s were perfomed and the solute t r ace r  most 

closely resembling the solven% la%%ica ion was used. 

"$ha host maLeria1 was of a lower lave1 of pur i ty  than %hat us 

for  the  isotopg! efface experiment but as enclosure i n  tantalum cans was  

no% possible there  seemed Lo be no s ignif icant  advantage i n  %he UBB of 

t r i p l e  zone refined material. 

tical %hemal h i s to r i e s  and i% would be unreasonable t o  attempt t o  

Both diffusion smples  had almost iden- 

explain the  difference i n  dif"@rzsion properties i n  terns of d i f fe r ing  

levels of impurities i n  the two ampleso  

1% is concluded *om t h i s  experiment %hat the ol/B transi$ion i n  

zirconium produces: some form of short  c i r c u i t  path or  complex which i8 

capable of enhancing t h  so lu te  diffision rate and can only be removed 

by r e l a t ive ly  long anneals at TI per at^ s close t o  $he melting point,  

It should be noted that the  t h e  required a t  'nigh tmpera%ure i s  long 
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compared t o  the length of a typ ica l  diffusion anneal at these tapera- 

twes 0 

It i s  clem that a feill understanding of the isotope e f fec t  re- 

s u l t s  must await a detailed ecamination of t h i s  new short c i rcu i t  

phenomenon i n  zirconium, However, it i s  appropriate t o  mention some 

supporting evidence f o r  the  presence of a, high dislocation density 

in the  p phase of" zirconium ex&; nding t o  much higher '$anpera%wes than 

h%s been proposed on the basis  of  the  observation of time dependen% 

diffusion coefficients for impurity difflxsion i n  f3 titanium close t o  

the  a/$ t r ~ n s f ~ ~ ~ t i o n  reported by Gregory and Askill, 22 

The suggestion t h a t  short  c i r cu i t  paths, dislocations for  exmple, 

might be responsible for  t h e  unusual diffusion behavior of  t h e  anoma- 

lous boc . co  metals i s  no% new but there has been considerable d i f f i cu l ty  

i n  accepting the large estimates of the dis loeat isn density required t o  

explain the  observed diffusion coefficien-ts, The absenc of detectable 

grain boundary diffusion by au%oradiogaaaphs even a t  the lowest tmpera- 

%wee i n  the $ phase sf 

along grain boundaries and, by h p l i c a t i o n ,  also along dislocations 

does not differ great ly  *om %hat through the crys ta l  volmeo 

i n  order t o  explain observed diffusion rates 8% low t a p e r a t w e  en- 

tirely i n  terms of dislocation diffusion, it is necesemyb postulate 

suggests $hat t he  rate of migra%ion 

Thus, 

dislocation densi t ies  i n  t h e  range 10 9 t o  10 l1. /em 2 9 ! ,  + <  

To the  aukhDrJs knowledge hhere are no direct,determinatcions of  

d i s loca t ion  density i n  t h e  p phase.of e i ther  titanium or zirconium and 

the  only al ternat ive i s  to examine-some oftjibe properties oT- these 

metals i n  oraer t; see i f  any circumstan%ial evidence ex is t s  f o r  a 

high density of dis locat ions.  



1.5 

The metals zirconium and titaniwn 

at high temperatur~es, This appears t0 

single crystal regions with respect to 

has only been observed at temperatures 

both undergo self deformation 

involve a g o s s  movement of 

one another. This phenomenon 

above 1600' C and has ofeen led 

to reJec%ion of diffusion samples; as it has been impossible to section 

parallel to the original interface because of the relatively small 

surface mea of the disorientated single crystals, This massive move- 

ment of large regions with respect t o  one mother could readily absorb 

large numbers of dislocations and lead Lo a significant decrease in 

the dislocation density. 

ing large dislocation densities immediately after the ol/B transfoma- 

Lion which are sLab1e until a relatively high temperature is reached, 

This behavior could be explained by postaat- 

Only one electron microscope examination of zirconium is known to 
23 the author. 

suggests that densities of the order of 2xlO9/em2 m e  typical of this 

material but it is necessary to show that this dislocation density re- 

mains unchanged by passage through the phase transformation, 

This work on azirconium 'by Howe, Whitton and McGurn 

Glen and I?ugh2' showed that for  a transition from a -3 f3 3 a 

a single crystal of azirconiwn might be expected to transform into one 

of 57 different a orienta%ions, Laue photographs show that such a 

series of transformations invariably reproduce the original a orienta- 

tion. 

probably responsible for the "memory" associated with the diffusionless 

shear transformation obmrved in this metal, 

They suggested that dislocations and stacking faults were 

The p dislocation densities appear to be stable in t h e  transformation 
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and high dens i t i e s  of d i s loca t ions  may be t r ans fe r r ed  from on phase t o  t h e  

other ,  There is  c l e a r l y  a necess i ty  f o r  f u r t h e r  experimental evidence be- 

fo re  sho r t  c i r c u i t  paths can be considered an explanation of t h e  d i f fus ion  

anomaly i n  p zirconium, It is  unl ike ly  t h a t  it w i l l  be possible  t o  obtain 

e lec t ron  microscope transmission p i c tu re s  of d i s loca t ions  i n  t h e  p phase 

bu t  work i s  a t  present  being undertaken on a detailed inves t iga t ion  of t he  

s t r u c t u r e  of t h e  a and p phases of zirconium using X-ray techniques. 

An experimental examination of t h e  influence of high temperature anneals 

on self d i f fus ion  is  also under way a t  t he  NASA-Lewis Research Center. 

It i s  hoped t h a t  an inves t iga t ion  of t h e  k i n e t i c s  of high-temperature 

annealing w i l l  make it possible  t o  determine the  r e a l  se l f -d i f fus ion  tem- 

perature  dependence i n  t h e  absence of l a rge  concentrations of shor t  c i r -  

c u i t  defec ts .  

25 

The isotope e f f e c t  f o r  d i f fus ion  i n  a d i s loca t ion  matrix o r  t h e  

kind suggested is d i f f i c u l t  t o  estimate, If t h e  problem i s  considered 

as  d i f fus ion  along an idea l ized  edge d is loca t ion ,  which might be  t h e  

case f o r  t h e  s t rong  segregation of an impurity t r a c e r ,  then w e  should 

expect an isotope e f f e c t  corresponding t o  t h e  inverse square root  of 

t h e  mass, This, however, seems t o  be  an u n r e a l i s t i c  assumption a s  it 

does not  consider t h e  disorder  e x i s t i n g  i n  a r e a l  d i s loca t ion  and it 

might be expected t h a t  t h e  opportunity f o r  re laxa t ion  c lose  t o  t h e  dis- 

loca t ion  core would allow considerable k i n e t i c  energy t r a n s f e r  be- 

tween t h e  d i f fus ing  ions and those ions forming the  d i f fus ion  saddle,  

This could give a value of @K< 1. Alternat ively,  considerable 

cooperative motion of ions may occur during each d i f fus ion  exchange, 

leading t o  a d i l u t i o n  of t h e  mass dependence of t h e  t r a c e r  ions. A t  
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least seven additional ions would be required to account for the 

observed isotope effect, 

provide an explanation for the mall isotope effect, 

Either factor or a combination of both could 

8 

The isotope effect h&s been determined for Zr89 and Zr9* diffising 

in 6 zirconium. At the %emperatures 942', 1186O, 178b0 and 1815' C 

the isotope effect was determined to be less than 0,2, An annealing 

experiment to determine the importance of the diffusionless shear 

transformahion in contributing diffusion short circuit paths t o  the 

phase of .zirconium has indicated that a three-fold reduction in the 

measured diffusion coefficient at 1025' C can be achieved by a heat 

treatment of several hours close to the melting tmpera%we. 

f3 

The unusual hrhenius relation for zirconium, titanium and hafnium 

and the mall isotope effect are tentatively attributed t o  difasion on 

EL short circuit network. 
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The kinet ics  of parent-daughter decay are  given by the expressions 

where No is the i n i t i a l  dis integrat ion rate fo r  the pure parent iso- 

is  the dis integrat ion r a t e  for the  parent at  

time L and Nd i s  tha t  for  the  daughter, The symbol h is used t o  

denote the decay constant associated w i t h  either the parant 

%he daughter (Ad) 

r a t e s  for  Zr95 and Nb95q 

the diffusion coeff ic ients  fo r  Nb95 and Zr9' are approximately equal, 

that  the  heat &rea%ments were completed i n  such a short  time tha t  no 

NP %ope at the t = 0, 

(1 or 
P 

Figure 6 showe t h e  time dependence of the count 

It i s  clear  t ha t  a t  1784" and l815' C p  where 

s ignif icant  correction t o  the Zrg5 - Nb95 cow?% is required for Nb 95 

formed pr ior  %o or during the diffusion anneal. 

In  order t o  calculate the influence of daughter diffusion during 

the longer heat, treatments required a t  942' and 1186" C, an equa%ion 

for  the penetration p ro f i l e  of the combined parant daughter combination 

d as follows. Consider a one-dimensional d i f f i s ion  geometry 

where n ( x 9 t >  and nd(x,t) are, respectively,  the  volume concentra- 
P 

t ions  of the  parent ( t he  t r ace r )  and the daughter d Cay product a% et 

function of  the distance, xg and the  t i m e ,  t, where x is measured 

ftpom the surface of a semi-infinite sample. The dependent variables 

w i l l  then be independent of y and z. 
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L e t  the parent have a decay constant A and a diffueion 
P 

coeff ic ient  96 Similarly, the daughter has a decay constant Ad 

and ee diffbsion coeff ic ient  Dda 

then a solution t o  the equation 

Po 
The concentration of the parent i s  

This is the  plsua,l on -dimensional diffusion equation except for %ha 

las t  %erm which t&es in to  account the rate of decay of t h e  parent,  

Xf the parent has an i n i t i a l  uniform concen&ration n in a region 

‘bf thickness a a t  the surface of the sample, the boundmy conditions 

are 

Po 

n ( X ~ O )  = n O i x S a  

= o  x,a 

P PO 

8h i l a r ly ,  the d i f f e ren t i a l  equa%ion for the  concentration of the  

daughter i a  

and the boundary conditions are 

= o  x 2  a 

= o  and l i m  nd(x,t) = 0 
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where ndo 

%he thickness a at the surface. 

is the initial uniform con@ ntration o f  the daughter in 

If the thickness, a, o f  the inftial radisa@%ive plating is 

small compared to the penetration depth, the solutions to these aqua- 

%ions we 

and 

n&x&> = Ip 

where M and. Md we, respectively, the initial surface concentra- 

tions of the parent and daughter and me related to the initial volume 
P 

concentrations by 

= n a,lim a -$ o and .Ma = n do a,lim a -$ o %9> MP PO 
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The t o t a l  counting rate, r 

and area A including both paxent and daughter decays is  

of a th in  section of thickness 
Pd 

A n ( x , t )  * fdhdnd(x9t) 
P P  1 

where 9 represents the eff ic iency of the counter fo r  counting the 

gammas and f and fd are the  respective f'ractions of the decays of 

the  parent and daughter which result i n  the measured gamma rays,  
P 

& an example the concentration nd(x,t) was e&calated for  A, 

4 equal t o  lx10m7 reciprocal  seconds, and t equal t o  2x10 s 

f o r  several  values of D and Ddo P 
Figure 9 is  a p lo t  of the log of r /A, as a function of 

Pd 
.*/.e9 
ures represent the usual diff'usion p ro f i l e  obtained &om the counting 

and shows these results. The short-dashed curve8 i n  these f ig-  

of the  parent only, Each of the other curves then represisnts the  

diffusion p r o f i l e  obtained by summing the counting rates of the parent 

and daughter. The curve fo r  D = I x l O - = g  cm /set and Dd = 8x10 

cm /set regresents t h e  measured penetration p ro f i l e  for Zr9* 0 Nk, 

2 10 

2 95 
P 

d in to  zirconium a t  942' C for 4 hours, 

Figure 9(a) ,  where D ) Dd9 shows c lear ly  t ha t  the slopes de- 
P 

rived from the  so l id  cwves and hence the apparent diffusion coeff ic ients  

m e  only a few percent smaller than the true value given by the re- 
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c 

c iproca l  s lope of t h e  dashed l i n e  represent ing t h e  parent  alone. 

ever, t h e  influence o f  t h e  daughter is much more marked i n  Fig.  g(b) 

How- 

where D d )  D 

ca lcu la ted  *om a s t r a i g h t  l i n e  drawn through curves with D /D 

10 or 100 cou1d overestimate D by 25 percent ,  

I n  t h e  worst case presented, ee di f fus ion  coe f f i c i en t s  
Po  

of 
d P  

P 
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Cl 
Cr 
Fe 
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Hf 
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t 

esults of analysis w e  expressed as ppm by weight. 
Qthar elements when present did not exceed 5 ppm 

Isotope effect material 

h a l y s i s  of or iginal  
material 

35 
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lnslysis  after graina 
growth and d i f h s i o n  
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36 
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39 

3 50 
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Iigh temperatme mneed 
experiment material 

Analysis sf" or ig ina l  
material 

a This  specimen was given 8 grain g r o q h  heat treatment 8% 1200Q C for  br 
hsms under a dynamic vacumQof 10 
treatment f o r  1 hour at 1784 
of 10-5 torr. 

t o r r  followed by a diffusion he%% 
C i n  a tantalum can sealed w ~ d - e r  a vacum 
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